Introduction
The serine protease thrombin catalyzes fibrin clot formation and is a potent stimulator of blood platelets, vascular smooth muscle, and vascular endothelium. In blood vessels that have had their endothelium removed and in some vessels (e.g., rabbit aorta) with intact endothelium, catalytically active thrombin causes smooth muscle contraction (for review see reference 1). Since localized platelet deposition and organized thrombus formation accompany proliferative vascular lesions, thrombin has been implicated to play a role in atherogenesis and restenosis after balloon angioplasty (2) (3) (4) . However, the exact role of thrombin on vascular cell growth and chronic vascular remodeling in vivo remains unclear.
In cultured rat aortic smooth muscle (RASM) 1 cells, thrombin has been reported to activate Na ϩ /H ϩ exchange and calcium mobilization (5) . An increase in intracellular calcium was required for thrombin-induced expression of c-fos mRNA, a protooncogene associated with cell growth. However, thrombin stimulation of RASM cell DNA synthesis was not observed by these investigators, in spite of an increase in cell size, which was indicated by enhanced protein synthesis. These studies conflict with others that have demonstrated that thrombin is mitogenic in neonatal rat vascular smooth muscle (6) , as well as various fibroblast cell lines (7, 8) . More recently, thrombin has been shown to stimulate mitogenesis in cultured vascular smooth muscle cells (9) . Furthermore, the mitogenic effects of thrombin could be mimicked by thrombin receptorderived peptides that activate the thrombin receptor (9) . These results have implicated thrombin as a potential mediator of vascular smooth muscle cell proliferation in the vessel wall.
The cellular actions of thrombin are mediated by a novel membrane-spanning receptor (10; for a recent review see ref- 1 . Abbreviations used in this paper: anti-P-TYR, antiphosphotyrosine antibodies; FAK, focal adhesion kinase; G protein, GTP-binding protein; GAP, GTPase-activating protein; MAP kinase, mitogen-activated protein kinase; MBP, myelin basic protein; PI-3-kinase, phosphoinositide-3-kinase; PLC, phospholipase C; RASM, rat aortic smooth muscle; SFLLRNP, 7-amino acid receptor-derived peptide agonist for the thrombin receptor. erence 11). Thrombin receptors have been identified on platelets (10) , endothelial cells (10, 12) , fibroblasts (13, 14) , vascular smooth muscle cells (9, 15) , and other cell types. The thrombin receptor contains seven hydrophobic (membrane-spanning) domains and belongs to the family of G protein-coupled receptors (10) . ␣ -Thrombin binds to this receptor via an anionbinding exosite domain that interacts with the receptor sequence TR [52] [53] [54] [55] [56] [57] [58] [59] [60] (10, 16) . Bound thrombin then cleaves a peptide bond on the carboxyl side of Arg 41 exposing a new amino terminus (NH 2 terminus) on the receptor. This new NH 2 terminus acts as a "tethered ligand" activating the receptor. Peptides containing the NH 2 -terminal receptor sequence SFLLR or SFFLR (of the human or rodent receptor, respectively), can activate the thrombin receptor without prior receptor cleavage. Accordingly, the involvement of the thrombin receptor in many of thrombin's actions on cells has been implicated using SFLLR-containing peptides.
Some of the thrombin-stimulated signaling mechanisms activated in cells expressing high-affinity receptors have been characterized (for review see reference 17) . For example, in several cell types, thrombin stimulates phosphatidylinositolspecific phospholipase C activity through the activation of at least one closely coupled G protein (18) (19) (20) . This results in the generation of the second messengers inositol trisphosphate and diacylglycerol, which are involved in intracellular Ca 2 ϩ mobilization and protein kinase C activation, respectively. Similarly, in common with many other growth factors, thrombin has been shown to activate cellular protein kinases that have been linked to mitogenesis. For example, thrombin stimulation of platelets (21, 22 ) and vascular smooth muscle cells (23) leads to rapid protein tyrosine phosphorylation of several proteins. However, the relevance of these early signaling events to the biological effects of thrombin is unclear, although recent studies implicate protein tyrosine kinase activity as a critical event in thrombin-stimulated growth (23) .
In this report, we have characterized both the biological and biochemical consequences of thrombin receptor activation in cultures of RASM cells that display a neointimal phenotype. These studies confirm that thrombin receptor activation leads to productive mitogenic signaling, although stimulation of DNA synthesis is significantly delayed in comparison to mitogens such as FBS, PDGF-BB, or basic fibroblast growth factor (bFGF). Delayed mitogenesis correlates with the appearance of a mitogenic activity in RASM cell conditioned medium, thus representing a possible autocrine mediator of cell proliferation that is upregulated by thrombin receptor activation. Of interest, some early downstream signal transduction events stimulated by thrombin and agonist peptide are similar to those activated by polypeptide growth factors, including rapid protein tyrosine phosphorylation of a subset of intracellular proteins and concomitant activation of ancillary protein kinases. Taken together, these data indicate that early signaling events stimulated after thrombin receptor activation may be only indirectly involved in the induction of DNA synthesis, via stimulation of a productive autocrine loop involving one or more endogenously produced mitogens.
Methods
Cell culture. Primary RASM cells were generously provided by Dr. Marschall Runge (Emory University, Atlanta, GA). These cells stain positively for smooth muscle ␣ -actin, express angiotensin type I (AT 1 ) receptors, and secrete osteopontin, a phosphorylated glycoprotein marker for the neointimal vascular smooth muscle phenotype (24). All cells were routinely analyzed for mycoplasma contamination before use. Cells were grown in DME (with d -glucose [4,500 mg/liter], l -glutamine, and Hepes buffer [25 mM]) containing FBS (10% vol/vol) and penicillin (100 U/ml)-streptomycin (100 mg/ml). Cells were passaged at 80-90% confluence with 0.25% trypsin and were used between passages 10 and 18. Swiss 3T3 mouse fibroblasts were obtained from American Type Culture Collection (Rockville, MD). Fibroblasts were maintained in DME plus 10% calf serum and antibiotics. All culture reagents were obtained from GIBCO-BRL (Grand Island, NY) unless otherwise specified.
Growth factors, antibodies, and other reagents. Recombinant human PDGF-AA and -BB homodimers were purchased from R&D Systems (Minneapolis, MN). Polyclonal goat anti-PDGF (A-and B-chain) and polyclonal sheep anti-bFGF neutralizing antibodies were from Collaborative Research Inc. (Bedford, MA). Recombinant human bFGF was from Genzyme Corp. (Boston, MA). Polyclonal rabbit anti-PDGF-AA and monoclonal anti-bFGF (bovine) neutralizing antibodies, anti-mitogen-activated protein (MAP) kinase (R2) and anti-phosphatidylinositol-3-kinase (PI-3-kinase) antisera, as well as murine monoclonal antibodies directed against phospholipase C-␥ (PLC-␥ ) and phosphotyrosine (anti-P-TYR), were purchased from Upstate Biotechnology, Inc. (Lake Placid, NY). Antipeptide antiserum to the p21 ras GTPase-activating protein (GAP) was prepared as previously described (25) . Polyclonal anti-Raf-1 peptide antiserum was generously provided by Dr. Keith Robbins (National Institutes of Health, Rockville, MD). Mouse monoclonal anti-MAP kinase antibodies were purchased from Zymed Laboratories, Inc. (South San Francisco, CA). Human ␣ -thrombin (3,080 U/mg, 4,096 U/ml) was obtained from Enzyme Research Laboratories (South Bend, IN). The thrombin receptor activating peptide, SFLLRNP-amide (SFLLRNP), was synthesized by automated solid phase synthesis on a Milligen/ Biosearch 9600 using standard t-Boc protocols (26) Conditioned media collection. To obtain samples of conditioned media, confluent cultures of RASM cells were first growth-arrested by incubation for 48 h in a chemically defined serum-free medium (SF-DME) (DME supplemented with 10 nM selenium [GIBCO/ BRL] and 10 g of transferrin/ml [Collaborative Research Inc.]). The cells were then either left untreated or stimulated with thrombin (10 nM) or SFLLRNP (100 M) for the indicated times. Samples of conditioned media from the RASM cells were collected, and aliquots were either used immediately or were frozen on dry ice and stored at Ϫ 80 Њ C.
Mitogenic assays. RASM cells were plated in serum-containing medium on fibronectin-coated 24-well tissue culture plates. After attachment, cells were rinsed twice with PBS and incubated for 72 h in SF-DME. Quiescent cells were labeled with [ In some experiments, insulin (10 g/ml) was also added to SF-DME, and cells were pulse-labeled with [ 3 H]thymidine for the final 3 h of the time course. In instances that required thrombin inactivation, hirudin (4 U/ml) was also included 30 min before the addition of test mitogens and coincubated throughout the experiment. Relative [ 3 H]thymidine incorporation was determined by liquid scintillation spectrometry after precipitation with ice-cold trichloroacetic acid (5% wt/vol) and solubilization (37 Њ C) in NaOH (0.25 M).
For assays of RASM cell-derived conditioned medium samples, Swiss 3T3 cells were plated as described then serum-starved for 18 h in SF-DME supplemented with 0.1% bovine serum albumin. Control growth factors or conditioned media were incubated (37 Њ C, 30 min) in the absence or presence of growth factor neutralizing antibodies before addition to the cells. The cells were incubated for 16 h followed by pulse-labeling with [ 3 H]thymidine for an additional 6 h. Relative [ 3 H]thymidine incorporation was determined as described above. Cell proliferation assays. RASM cells (5 ϫ 10 4 cells/ml) were plated in 96-well microtiter plates and grown in serum-containing media. After 24 h, growth medium was removed and replaced with SF-DME for 24 h. Cells were then treated with increasing concentrations of thrombin in SF-DME supplemented with 0.5% FBS to promote cytokinesis. In some experiments, hirudin was also included (10 U/ml). After 48 h, viable cell number was determined using the CellTiter 96™ AQueous Non-Radioactive Cell Proliferation Assay kit (Promega Inc., Madison, WI). In this assay, dehydrogenase enzymes in metabolically active cells reduce the combination of [3-(4,5- 
and an electron coupling reagent (phenazine methosulfate) to produce formazan, detectable at 490 nm using a microtiter plate reader (UV max ; Molecular Devices, Menlo Park, CA). Product formation is directly proportional to viable cell number.
Immunoprecipitation and immunoblot analyses. Confluent cultures of cells were incubated for 48 h in SF-DME to induce quiescence. The cells were then either left untreated or stimulated with agonists for the indicated times. In experiments in which hirudin was used as a thrombin antagonist, the compound was added to cells 30 min before agonist addition. Cultures were rinsed twice in ice-cold PBS containing 1 mM Na 3 VO 4 , and then lysed on ice in 0.5 ml of P-TYR lysis buffer (50 mM Hepes, pH 7.5, 1% Triton X-100, 50 mM NaCl, 50 mM NaF, 10 mM sodium pyrophosphate, 5 mM EDTA, 1 mM Na 3 VO 4 , 1 mM PMSF, plus 10 g/ml of aprotinin and leupeptin). Lysates were sonicated for 10 s and then centrifuged at 14,000 g for 10 min at 4 Њ C. Equal protein aliquots (typically, 1-2 mg protein) were used for immunoprecipitations. For antiphosphotyrosine analysis, 2 g of anti-P-TYR was used per milligram of cell lysate. For immunoprecipitation of MAP kinases, cell lysates were first boiled for 5 min in the presence of 1% SDS, and then diluted with nine parts P-TYR lysis buffer before addition of anti-MAP kinase antibodies (10 g). All immunoprecipitations were carried out for 2 h at 4 Њ C, and immune complexes were recovered using protein G-agarose (GammaBind G; Pharmacia Biotech Inc., Piscataway, NJ). Immunoprecipitates were washed five times in P-TYR lysis buffer, solubilized in SDS-PAGE sample buffer, and resolved by SDS-polyacrylamide electrophoresis and immunoblotting as described (27, 28) . Aliquots of the whole cell lysates (100 g) removed before immunoprecipitation were routinely analyzed by immunoblotting. Immunoreactive bands were visualized using [ MAP kinase activation assays. Immune complex kinase reactions were performed as previously described with minor modifications (29). Briefly, confluent cultures of RASM cells were serum deprived for 48 h in SF-DME. The cells were stimulated with either ␣ -thrombin (10 nM) or PDGF-BB (50 ng/ml) for the indicated times at 37 Њ C. Cell lysates were prepared in P-TYR lysis buffer as described above and p44 mapk was immunoprecipitated using 5 g of anti-rat MAP kinase (R2) antiserum per 400 g of cell lysate. The immunoprecipitations were carried out for 2 h at 4 Њ C, and immune complexes were recovered using GammaBind G. The immunoprecipitates were washed four times with P-TYR lysis buffer and once with kinase buffer (20 mM Hepes, pH 7.4, 10 mM MgCl 2 , 1 mM DTT, and 10 mM p -nitrophenylphosphate). p44 mapk activity was determined by measuring the incorporation of 
Results

In cultured RASM cells, ␣ -thrombin and SFLLRNP are weakly mitogenic after 24 h, but stimulate a pronounced increase in DNA synthesis evident after 48 h.
To evaluate the effects of thrombin on vascular smooth muscle cell proliferation, mitogenic assays were performed using cultured primary RASM cells. In control experiments, cells were incubated without (serum-free, SF) or with the potent mitogenic factors FBS, PDGF-BB, or bFGF. In parallel dishes, cells were treated with ␣ -thrombin, ␣ -thrombin plus hirudin, SFLLRNP, and an inactive acetylated SFLLRNP control (ac-SFLLRNP). When DNA synthesis was measured after 24 h, ␣ -thrombin and SFLLRNP stimulated only minor (two-to threefold) increases in [ 3 H]thymidine incorporation (Fig. 1) . In contrast, FBS, PDGF-BB, and bFGF induced 15-, 19-, and 15-fold increases over the serum-free control, respectively.
Mitogenic assays were then extended to 48 h to determine if mitogenic effects induced by thrombin might be delayed in comparison to those produced by FBS, PDGF-BB, or bFGF. Under these conditions, the relative levels of DNA synthesis stimulated by FBS, PDGF-BB, and bFGF were 14-, 11-, and 10-fold above the serum-starved controls, respectively. However, in contrast to results observed at 24 h, after 48 h thrombin and SFLLRNP each stimulated 10-and 8-fold increases in DNA synthesis in comparison to quiescent controls (Fig. 1,  solid bars ) . Furthermore, thrombin-stimulated DNA synthesis was inhibited by hirudin, a specific thrombin antagonist. The acetylated SFLLRNP control peptide failed to stimulate DNA synthesis.
To further investigate the mechanisms involved in thrombinstimulated growth, we determined the time course of [ midine incorporation in the RASM cells by two methods. In the first series of experiments, serum-starved cells were stimulated with either FBS, PDGF-BB homodimer, or ␣ -thrombin and total [ 3 H]thymidine incorporation was determined after various time intervals. As shown in Fig. 2 A , FBS and PDGF-BB each initiated RASM cell DNA synthesis between 16 and 19 h, with peak incorporation at ‫ف‬ 28 h. In contrast, thrombin stimulated more modest levels of DNA synthesis in the RASM cells which were delayed until ‫ف‬ 25 h after ligand addition, with a peak at 32-36 h.
In a second series of experiments, the time course analysis was repeated using cells that were pulse-labeled with [ 3 H]thymidine for 3 h before extraction. In these experiments, insulin was also included as cofactor (30, 31) . As shown in Fig. 2 B , the insulin addition alone had no effect on [ 3 H]thymidine incorporation in the controls. After addition of PDGF-BB, DNA synthesis was observed to begin before the 16 h time point with a peak of incorporation at 25 h. Under these conditions, thrombin-stimulated [ 3 H]thymidine incorporation was not observed until 22 h (a delay of at least 3 h compared with PDGF-BB), with peak incorporation occurring at 28 h. Taken together, these data confirm that the mitogenic response of RASM cells to thrombin is delayed 3-6 h in comparison to PDGF-BB or FBS.
Thrombin and SFLLRNP stimulate concentration-dependent increases in DNA synthesis and cell proliferation in cultured RASM cells. Additional experiments were performed to determine if stimulation of delayed DNA synthesis by thrombin and SFLLRNP was concentration dependent. In these studies, quiescent RASM cells were exposed to increasing concentrations of either ␣ -thrombin or SFLLRNP, and relative levels of DNA synthesis were determined after 48 h. For ␣ -thrombin, maximal DNA synthesis (15-fold above control) was observed at a concentration of ‫ف‬ 1 nM (Fig. 3 A ) . This response was half-maximal at a concentration of ‫ف‬ 0.3 nM. SFLLRNP was less potent than ␣ -thrombin as a mitogen. Maximal SFLLRNP-stimulated DNA synthesis was observed at 300 M.
In addition to mitogenic assays, the effects of thrombin on RASM cell proliferation were examined. Thrombin stimulated a concentration-dependent increase in RASM cell number after treatment for 48 h (Fig. 3 B ) . Maximal increases in cell proliferation were observed at a thrombin concentration of 10 nM. Thrombin-stimulated proliferation was blocked by inclusion of hirudin (10 U/ml). Hirudin had no effect on serum-or PDGF-stimulated cell proliferation (data not shown).
Thrombin stimulates the secretion of a mitogenic activity from RASM cells and acts as a comitogenic factor: detection by Swiss 3T3 fibroblast mitogenic assays. To determine whether thrombin receptor activation induced the secretion of mitogenic factor(s) from RASM cells, matched conditioned medium samples from serum-starved RASM cells (control) and cells stimulated by thrombin or SFLLRNP for various times were added to quiescent cultures of Swiss 3T3 cells, and [ 3 H]thymidine incorporation was measured after 22 h. As controls, some of the cells were stimulated directly with either thrombin or SFLLRNP. As shown in Fig. 4 A, purified thrombin or SFLLRNP failed to stimulate significant DNA synthesis in the Swiss 3T3 cells, despite the fact that these cells express thrombin receptors (Seiler, S.M., unpublished observations) (32) . In contrast, conditioned media samples obtained from RASM cells stimulated with either thrombin or SFLLRNP (6-24 h) demonstrated increased mitogenic activity compared with conditioned media samples from unstimulated cells. This finding supports the hypothesis that thrombin receptor agonists stimulate the release of autocrine mitogens from the RASM cells.
In studies using cultured vascular smooth muscle cells, thrombin has been reported to be synergistic with specific mitogens, including bFGF (33), PDGF, and FBS (34). Therefore, since mitogenic samples of conditioned media obtained from thrombin-stimulated cells also contained thrombin, we investigated whether thrombin augmented mitogenic activity in these samples. The comitogenic effects of thrombin were evaluated using Swiss 3T3 cells (Fig. 4 B) . In these experiments, the mitogenic activity of conditioned media samples from unstimulated, control RASM cells (SF CM, 24 h) was determined in the absence or presence of added thrombin and compared with that produced by conditioned medium obtained from thrombin-stimulated RASM cells (Thrombin CM, 24 h). In addition, in some of the assays, hirudin was added to the conditioned media samples before exposure to the cells. As shown in Fig. 4 ]thymidine incorporation significantly, to ‫ف‬ 10-fold in Swiss 3T3 cells. Furthermore, this increased mitogenic activity was completely blocked by hirudin. These data imply that thrombin is a potent comitogen for RASM conditioned media factors, since its addition alone to the Swiss 3T3 cells failed to stimulate DNA synthesis. Fig. 4 B also shows that hirudin reduced the mitogenic effects of thrombin-stimulated RASM conditioned media samples, presumably by blocking comitogenic effects of residual thrombin. However, the hirudin-insensitive mitogenic activity of these samples remained at least twofold greater than that elicited by control conditioned media samples (Fig. 4 B) . Thus, these data imply that thrombin stimulates the secretion of mitogenic factor(s) from RASM cells. Whether thrombin stimulates an increase in basally expressed RASM cell mitogenic factors or induces the expression of new factors is currently being explored.
Neutralizing antibodies directed against PDGF or bFGF fail to inhibit the mitogenic activity present in conditioned media samples derived from thrombin-stimulated RASM cells. Autocrine production of the growth factors PDGF-AA (34, 35) and bFGF (33) has been proposed to contribute to thrombininduced mitogenesis in vascular smooth muscle cells. Therefore, PDGF and bFGF neutralizing antibodies were used to identify these factors as possible mitogenic components in conditioned media samples obtained from thrombin-stimulated RASM cells (Fig. 5) . As shown in Fig. 5 A, in control experiments, DNA synthesis stimulated by PDGF-AA, -BB, or bFGF in the Swiss 3T3 cells was effectively inhibited by preincubation with the appropriate specific neutralizing antibodies. Furthermore, when a combination of PDGF-AA and bFGF was used as a mitogenic stimulus, only coaddition of neutralizing antibodies directed against both PDGF-AA and bFGF completely inhibited Swiss 3T3 DNA synthesis. In contrast, when samples of thrombin-stimulated RASM cell conditioned media were pretreated with growth factor neutralizing antibodies, either alone or in combination, we failed to observe any significant inhibition of mitogenic activity toward the Swiss 3T3 cells (Fig. 5 B) . Although it is theoretically possible that some of the growth factor neutralizing antibodies might not have efficiently recognized endogenous rat proteins, similar results were also obtained using several other commercially available PDGF and bFGF neutralizing antibody preparations 2 (see also reference 36). Taken together these results imply that neither PDGF nor bFGF contributes significantly to the mitogenic activity present in conditioned medium derived from thrombin-stimulated RASM cells.
Thrombin and agonist peptide stimulate rapid protein tyrosine phosphorylation in cultured RASM cells. To evaluate the effects of thrombin and SFLLRNP on protein tyrosine phosphorylation, confluent quiescent cultures of RASM cells were either left untreated (control) or were challenged with either ␣-thrombin or SFLLRNP for different times. Cell lysates were then prepared and subjected to immunoblot analysis with monoclonal antiphosphotyrosine antibodies. Both thrombin and SFLLRNP stimulated tyrosine phosphorylation of cellular proteins of apparent molecular masses of 42, 44, 75, 120, and 190 kD (Fig. 6 A) . Tyrosine phosphorylation of these bands was observed within 1 min and was maximal at ‫ف‬ 10 min after exposure of the cells to the respective agonists, with the exception of p190. Protein tyrosine phosphorylation of the 120-and 75-kD proteins was sustained for Ͼ 90 min from the time of a single addition of each agonist. Tyrosine phosphorylation of p190 was decreased as early as 5 min after thrombin receptor activation, whereas phosphorylation of the 42-and 44-kD bands decreased substantially by 60 min (Fig. 6 A) . It should be noted that the pattern of protein tyrosine phosphorylation induced after thrombin receptor activation in the RASM cells was identical to that elicited by angiotensin II and endothelin-1 (37, 38) , suggesting that these agonists may act by a common mechanism.
Characterization of thrombin-stimulated tyrosine phosphorylated proteins in RASM cells. Several protein substrates for activated growth factor receptor tyrosine kinases have been implicated in cellular mitogenesis (for recent reviews see references 39-41). These include molecules such as PLC-␥ (145 kD), p21
ras GAP (125 kD), and PI-3-kinase (85 kD). Using antibodies to these proteins, we analyzed anti-P-TYR immunoprecipitates from cells stimulated by ␣-thrombin and compared these with anti-P-TYR recovered proteins after stimulation of cells with PDGF-BB. As shown in Fig. 5 B, anti-P-TYR recovery of PLC-␥, PI-3-kinase, and GAP was observed after stimulation of RASM cells with PDGF-BB (Fig. 6 B, lane 2) . However, we failed to detect significant tyrosine phosphorylation of these molecules in response to thrombin (Fig. 6 B, lane  3) . These data further indicate that thrombin stimulates a distinct pattern of protein tyrosine phosphorylation from that of the receptor tyrosine kinases in RASM cells.
The 42-and 44-kD tyrosine phosphorylated proteins observed in response to thrombin receptor activation correspond to MAP kinases. Recent studies have demonstrated that p44
mapk and p42 mapk undergo rapid tyrosine and threonine phosphorylations in response to growth factors, as well as angiotensin II and endothelin-1, leading to stimulation of their intrinsic kinase activities (for reviews see references 42 and 43). Since thrombin-stimulated cells contained 42/44-kD tyrosine phosphorylated proteins, we sought to determine if these proteins corresponded to the MAP kinases. Thrombin-and SFLLRNPstimulated RASM cell lysates were first immunoprecipitated with anti-p42/44 MAP kinase antibodies, and the immune complexes were resolved on SDS gels and immunoblotted with anti-P-TYR (Fig. 7 A) . In these experiments, anti-MAP kinase antiserum recovered two tyrosine phosphorylated bands of 42 and 44 kD. Unstimulated cells had no detectable levels of tyrosine phosphorylation of these proteins, corresponding to p42 mapk and p44 mapk , respectively. These results imply that thrombin receptor activation leads to rapid tyrosine phosphorylation of MAP kinases, similar to many polypeptide growth factors and peptide agonists, including angiotensin II and endothelin-1.
Kinetics of thrombin-stimulated MAP kinase activation in comparison with that induced by PDGF-BB.
A time course of MAP kinase activation in RASM cells was performed to determine whether the delayed mitogenic responses associated with ␣-thrombin correlated with delayed activation of MAP kinase. Quiescent cultures of RASM cells were stimulated with either ␣-thrombin or PDGF-BB, and MAP kinase activity was determined by quantitation of relative level MBP phosphorylation in p44 mapk immunoprecipitates. As shown in Fig. 8 B, the p44 mapk activation profile in response to either ␣-thrombin or PDGF-BB exhibited similar kinetics, with the peak MAP kinase activity ‫ف(‬ 20-fold above control) occurring at 5 min. Thrombin consistently stimulated MAP kinase activity to a greater extent than PDGF-BB, at least at the early time points (1-30 min). We also observed that MAP kinase activity stimulated by either agonist was sustained for up to 6 h, with no significant differences between the two agonists at later times.
It should be noted that although thrombin elicited weaker and delayed mitogenic responses in comparison to PDGF-BB (Lanes 1-3 ) Anti-P-TYR recovered proteins, resolved on SDS gels (8% acrylamide), were subjected to immunoblotting using a combination of antibodies directed against GAP, PI-3-K, and PLC-␥. (Lanes 4 and 5) Immunoblot of whole cell lysates using same combination of antibodies. Note that thrombin did not stimulate anti-P-TYR recovery of the PDGF-receptor substrates (compare lanes 2 and 3) . Data are representative of independent experiments that were performed at least three times.
in the RASM cells, it was found to activate p44 mapk to a greater extent. Furthermore, since the kinetics of activation for p44 mapk were comparable between PDGF-BB and thrombin, these results imply that the MAP kinase pathway alone is not sufficient to induce mitogenesis in these cells.
␣-Thrombin and SFLLRNP induce rapid activation of the cellular protein kinase, Raf-1. Activation of Raf-1 is accompanied by multiple phosphorylations of the molecule on serine and threonine residues, which results in a characteristic retardation of the protein as it is resolved in SDS polyacrylamide gels ("gel shift," for reviews see references 44 and 45). Experiments were performed to evaluate the effects of thrombin and SFLLRNP on the activation of Raf-1 (Fig. 8) . Quiescent RASM cells were stimulated with ␣-thrombin or SFLLRNP for various times, and cell lysates containing equal protein were subjected to immunoblot analysis using an anti-Raf-1 peptide antiserum. Raf-1 was observed as a protein band which migrated with an apparent molecular mass of 70 kD in unstimulated cells. Both ␣-thrombin and SFLLRNP stimulation led to a rapid decrease in mobility of Raf-1, which was detected within 5 min of agonist addition. Under these conditions, the positively identified Raf-1 protein migrated at a molecular mass of ‫ف‬ 74 kD. Gel-retarded Raf-1 persisted for Ͼ 2 h after thrombin/SFLLRNP stimulation, indicating that activation of the thrombin receptor causes rapid and sustained activation of Raf-1 in RASM cells. Consequently, this mechanism is likely involved in the rapid activation of MAP kinases stimulated by thrombin in these cells.
Discussion
This study demonstrates that activation of thrombin receptors in a well defined RASM cell line results in potent stimulation of DNA synthesis and cell proliferation. These findings support the concept that thrombin, aside from its well known effects in blood coagulation, may also directly regulate vascular smooth muscle cell proliferation in the vessel wall and potentially contribute to such processes as neointimal formation in restenosis and atherosclerosis. These data are consistent with recent studies reporting that ␣-thrombin stimulates smooth muscle cell growth in culture (5, 6, 9, 18, 23) . Furthermore, they support in vivo studies that implicate thrombin in smooth muscle cell proliferation and neointimal formation after arterial injury (2) (3) (4) .
An interesting observation in these studies was that thrombin-stimulated DNA synthesis was delayed in comparison to potent polypeptide growth factors or serum. These data are in agreement with previous studies using both rat (9) and human arterial smooth muscle cell lines (34, 46) . Furthermore, the delayed mitogenic responses of RASM cells after thrombin receptor activation are similar to our previous studies on angiotensin II and endothelin-1, two other potent vasoactive agonists that bind to distinct G protein-coupled receptors (36, 38) . Taken together, these data support the hypothesis that various peptidic, G protein-coupled receptor agonists each stimulate RASM cell growth by a similar indirect mechanism (Fig. 9 ). In this model, delayed mitogenesis after stimulation of thrombin, angiotensin II (i.e., AT 1 ), or endothelin-1 (ET A ) receptors is preceded by the increased expression of a common subset of new gene products in RASM cells. These genes may code for known as well as "novel" growth factors that then act as the "proximal" autocrine mitogens that are ultimately responsible for cell growth.
Confirmation of this model has important therapeutic implications in vascular pathology. For example, specific vasoactive antagonists (e.g., ACE inhibitors, AT 1 , ET A receptor antagonists) would be predicted to be partially or completely ineffective in vascular proliferative disorders if sufficient amounts of a complimentary agonist (e.g., thrombin) predominate in affected vessels. In addition, individual vasoactive an- tagonists should be additive in their ability to attenuate neointimal formation by reducing the net expression of common autocrine mediators (Fig. 9) . Thus, this model may partly explain the failure of some agents to attenuate post-PTCA restenosis (for reviews see references [47] [48] [49] . Furthermore, it suggests a key role for thrombin in hyperproliferative vascular processes, which is supported by several studies describing a high incidence of thrombosis and concomitant overexpression of thrombin receptors in arterial lesions (3, (50) (51) (52) .
Additional support for an autocrine mechanism for thrombin-stimulated proliferation has been derived from studies demonstrating increased expression of PDGF-A chain, bFGF, or heparin-binding epidermal growth factor-like growth factor in cultured vascular smooth muscle cells in response to thrombin (33, 35, 53, 54) . Thus, these growth factors represent candidate proximal mitogens associated with thrombin-stimulated DNA synthesis. However, in these studies we have excluded PDGF and bFGF as significant external autocrine mitogens induced by thrombin in RASM cells. Furthermore, in preliminary experiments we have failed to identify a significant mitogenic contribution of heparin-binding epidermal growth factor-like growth factor in conditioned media samples obtained from thrombin-stimulated RASM cells.
2 Thus, while it is possible that some of these factors may contribute to cell growth via an intracellular autocrine mechanism, additional studies will be required to identify the specific mitogens, intracellular and/or secreted, that are responsible for thrombininduced smooth muscle cell proliferation.
Thrombin receptor activation was also associated with stimulation of protein tyrosine phosphorylation in the RASM cells. Although the activation of this mechanism was rapid, some of the specific tyrosine phosphorylated proteins stimulated by thrombin or SFLLRNP were distinct from those induced by potent vascular smooth muscle mitogens such as PDGF. Thus, thrombin treatment did not stimulate tyrosine phosphorylation of PLC-␥, p21
ras GAP, or PI-3-kinase, three direct substrates of receptor tyrosine kinases implicated in mitogenic signal transduction (39) (40) (41) . In contrast, thrombin receptor activation resulted in tyrosine phosphorylation of two proteins of 75 and 125 kD which we have identified as paxillin Figure 8 . Thrombin receptor activation leads to hyperphosphorylation of Raf-1. Serum-starved RASM cells were left untreated (lanes 1 and 8) or were stimulated with thrombin (10 nM, lanes 2-7) or SFLLRNP (100 M, lanes 9-14) for the indicated times. Immunoblots of total cell lysates equal to 100 g protein/lane were probed with rabbit anti-Raf-1 antiserum. Note that both thrombin and SFLLRNP addition to the cells caused a decreased mobility (gel-shift) of the major Raf-1 band from 70 kD (unstimulated) to ‫ف‬ 74 kD, due to hyperphosphorylation of this protein (see text). and pp125 FAK , respectively (Molloy, C.J., and C.E. Turner, unpublished observations; and references 55 and 56). Since tyrosine phosphorylation of these molecules was very rapid, they represent possible direct targets for the protein tyrosine kinase(s) associated with thrombin receptor activation. However, their exact role in thrombin-initiated signal transduction and cell proliferation remains to be determined.
The precise mechanisms responsible for functional coupling of activated thrombin receptors and protein tyrosine kinase activity are presently unknown. Thus, thrombin receptor activation may induce additional coupling to an intracellular protein tyrosine kinase or kinase cascade. However, the relevant tyrosine kinases involved in this process have yet to be identified. One candidate molecule is c-src. This nonreceptor tyrosine kinase is activated in mesangial cells in response to endothelin-1 (57) and appears to be transiently activated in CCL39 hamster lung fibroblasts in response to thrombin (58) . A similar activation of c-src may occur in RASM cells, although in preliminary experiments we failed to observe any significant c-src activation after treatment of the cells with either thrombin or angiotensin II. FAK frequently increases in parallel with paxillin tyrosine phosphorylation (56, 59) . Furthermore, pp125 FAK becomes tyrosine phosphorylated in response to angiotensin II in RASM cells (55) . Thus it is likely that this kinase is also activated by thrombin and may be involved in stimulation of paxillin phosphorylation.
Raf-1 and MAP kinases represent additional downstream signaling molecules in the thrombin receptor-initiated signal transduction cascade (Fig. 9 ). These data agree with similar results reported in astrocytoma cells (60) and platelets (61, 62) . In this regard, thrombin receptor signaling shares some common features with other mitogenic factors, including growth factors and vasoconstrictors such as bFGF and PDGF, endothelin-1, and angiotensin II (37, 38, 40, 45) . However, since the mitogenic effects of thrombin, angiotensin II, and endothelin-1 are delayed by several hours when compared with growth factors, these early biochemical signaling events apparently are not sufficient to induce DNA synthesis in RASM cells. These data are supported by various other studies. For example, Sakurai et al. (63) have shown that mitogenesis stimulated by activin A in Swiss 3T3 fibroblasts does not require activation of MAP kinases. Likewise, in our experiments we found that thrombin failed to stimulate significant levels of DNA synthesis in Swiss 3T3 cells, even though these cells contain thrombin receptors and elicit rapid intracellular Ca 2ϩ mobilization, phosphoinositide metabolism, and MAP kinase activation in response to thrombin (Seiler, S.M., unpublished observations) (32) .
These results imply that additional intracellular events are required for productive mitogenesis in RASM cells. These may include the delayed activation of molecules such as PLC-␥, GAP, p21 ras and/or PI-3-kinase, implicated in mitogenic signaling initiated by certain growth factors, including PDGF, but not the G protein-coupled receptors (39) (40) (41) . Furthermore, according to the autocrine RASM cell proliferation model (Fig. 9) , the critical signaling events required for DNA synthesis in vascular smooth muscle cells should be affected specifically by endogenously produced mitogens elicited after thrombin receptor activation. Thus, comparisons between the early biochemical signaling pathways stimulated by both proximal and delayed (autocrine) mitogens in RASM cells may lead to identification of the precise biochemical mechanisms controlling DNA synthesis and cell cycle progression in this model system.
